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Abstract. From the South Pole, microthermal turbu¬ 
lence within a narrow surface boundary layer some 200 m 
thick provides the dominant contribution to the astronom¬ 
ical seeing. We present results for the seeing at a wave¬ 
length of 2.4/rrn. The narrow turbulence layer above the 
site, confined close to the surface, provides greatly su¬ 
perior conditions for adaptive optics correction than do 
temperate latitude sites. An analysis of the available me¬ 
teorological data for the Antarctic plateau suggests that 
sites on its summit, such as Domes A and C, probably 
experience significantly better boundary layer seeing than 
does the South Pole. In addition, the inversion layers may 
be significantly narrower, lending the sites even further to 
adaptive optics correction than does the Pole. 

Key words: Atmospheric effects - Site Testing - Antarc¬ 
tica - Methods: observational 
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1. Introduction 

The effect of atmospheric turbulence on astronomical im¬ 
age quality, or “seeing”, has been studied at the South Pole 
through measurement of the microthermal fluctuations as¬ 
sociated with the turbulence (Marks et al. 1996—Paper I, 
Marks et al. 1999—Paper II). The seeing was found to be 
dominated by the contributions from a narrow but tur¬ 
bulent boundary layer, with a minimal contribution from 
the free atmosphere above it. This suggests that, if the 
effects of the surface boundary layer over the Antarctic 
plateau can be mitigated, superb seeing conditions might 
be obtained. Since the boundary layer seeing is strongly 
influenced by the inversion wind, it is possible that excep¬ 
tionally good seeing may occur at the surface from other 
locations on the plateau away from the South Pole, where 
this wind is reduced. Such sites may be the high points of 
the Antarctic plateau— Domes A and C—where the inver¬ 
sion wind is almost non-existent. Little direct evidence is 
available on seeing conditions for these sites. Some clues, 
however, are available from meteorological records. We ex¬ 
amine these in this paper, and discuss the implications for 
future astronomical observatories in Antarctica. 

While the South Pole is convenient location, in the 
sense that it is populated all year-round, it is generally 
agreed that there are other sites where the observing con¬ 
ditions are potentially much better, in terms of atmo¬ 
spheric transmission, humidity and weather, in addition 
to the seeing. The South Pole lies some 1,000 km away 
from Dome A, the highest point on the plateau at about 
4,200 m. Much of the boundary layer turbulence at the 
Pole is associated with the inversion winds which consist 
of cold air rolling gradually down the slope from the high¬ 
est regions of the plateau, picking up speed as they go, be¬ 
fore finally turning into the violent katabatic winds that 


Send offprint requests to: Dr. M.G. Burton, School 
of Physics, UNSW, Sydney, NSW 2052, Australia. 
M.Burton@unsw.edu.au 

* Rodney Marks died tragically at the South Pole in May 
2000. This paper presents the most significant previously un¬ 
published results from his PhD thesis: ‘Antarctic site testing: 
measurement of optical seeing at the South Pole’ (Marks 2001). 


are such a well-known feature of the weather along the 
Antarctic coastline. It is quite possible that the bound¬ 
ary layer seeing at Dome A is much lower than at the 
South Pole since, although the temperature inversion is 
still present, the calm winds close to the surface mean 
that the mechanical mixing of the different temperature 
layers is minimised. 

Since Dome A still remains almost totally inaccessible 
it is fortunate that there are other sites for which simi¬ 
lar comments apply. Potential candidates include Vostok 
and Dome C. Dome C has the further advantage that the 
infrastructure will soon be in place at this site to sup¬ 
port a large observatory, with construction of the year- 
round Franco-Italian Concordia Station , expected to be 
completed by 2004. Obviously, direct measurements need 
to be made at these sites; however the sparse information 
available at this stage does allow some general comments 
to be made about the likely seeing conditions at the higher 
plateau sites, given the results from the South Pole. 

2. Super Seeing on the Antarctic Plateau? 

The upper-atmosphere jet streams that are common in 
temperate locations are associated with the upper bound¬ 
ary of the troposphere, at an altitude of around 10-12 km. 
The winds can be very strong, averaging over dOrns^ 1 in 
some places (e.g. Mcllveen 1992). In contrast, such high- 
altitude winds are very much weaker in the polar regions, 
and the tropopause is relatively low (7-8 km) and less 
marked. In such conditions, the free atmosphere is ex¬ 
pected to be very stable, with smooth wind and tempera¬ 
ture gradients leading to exceptionally good seeing. Since 
the upper atmosphere turbulence is a significant compo¬ 
nent of the seeing at many locations, the lack of indica¬ 
tors for such turbulence on the Antarctic plateau have led 
to the coining of the phrase “Super Seeing” (Gillingham 
1993) to describe conditions that may well be superior to 
any other region on earth. 

Mitigating against good seeing from the surface, how¬ 
ever, is an intense temperature inversion, pervasive over 
the plateau during the winter months, and often exceeding 
0.1°C m _1 averaged over the entire boundary layer. The 




R.D. Marks: Astronomical Seeing from the Summits of the Antarctic Plateau 


3 


limited data available on boundary layer turbulence on 
the plateau (Neff 1981) indicates that some very intense 
optical turbulence, concentrated in quite narrow layers, 
extends throughout the lower parts of the inversion layer. 
It has a vertical extent of some 300-500 m. 

On the other hand, the fact that this atmospheric dis¬ 
turbance is concentrated so close to the surface, in com¬ 
parison to the turbulence at other sites, might well have 
its own advantages. Most large optical/IR telescopes em¬ 
ploy some form of real-time image correction technique, 
which broadly come under the title of “adaptive optics”. 
The effectiveness of such methods is severely restricted by 
angular and temporal limitations set by the nature of the 
atmospheric turbulence. In general, the scale of these pa¬ 
rameters is inversely proportional to the altitude of the 
turbulent layers, and hence high-altitude turbulence is 
much more difficult to correct than low-altitude distur¬ 
bances (see, for example, Cowie & Songaila 1988, Olivier 
1993). Hence, even if the boundary-layer seeing is poor, it 
may be relatively easy to eliminate this component over 
larger areas than is possible at other sites. A similar alti¬ 
tude dependence also applies to the scintillation of stellar 
sources caused by atmospheric turbulence. The vertical 
structure of the atmospheric turbulence over the Antarc¬ 
tica plateau should therefore lend itself to more accurate 
photometry, which is especially important in astroseismol- 
ogy and the study of variable stars, including planetary 
occultations. Another field where the Antarctic plateau 
offers outstanding opportunities is that of astrometric in¬ 
terferometry (e.g. see Lloyd, Oppenheimer and Graham, 
2002). This is because the measurement error in the spa¬ 
tial position of a source made using this technique is pro¬ 
portional to h 2 , where h is the height above the telescope 
where microthermal fluctuations occur. On the Antarctic 
plateau, where these are confined to the surface bound¬ 
ary layer, this factor is much smaller than at temperate- 
latitude sites, where they arise from the high-altitude jet 
stream. 

3. South Pole Seeing Conditions 

We undertook a site-testing campaign during nighttime 
(i.e. in winter) at the South Pole over two years; during 
the first, the contribution of the lower boundary layer was 
examined (Marks et al. 1996—Paper I) and in the sec¬ 
ond year this was extended to 15 km altitude (Marks et 
al. 1999—Paper II). The atmosphere was found to show a 
marked division into two characteristic regions: (i) a highly 
turbulent boundary layer (0-220nr), with a strong tem¬ 
perature inversion and wind shear, and (ii) a very stable 
free atmosphere. The mean visual seeing over 15 balloon 
flights in 1997 was measured to be 1.86", of which the 
free atmosphere component was only 0.37". Direct mea¬ 
surements of the seeing with a differential image-motion 
monitor (DIMM) by Loewenstein et al. (1998) are consis¬ 
tent with these values. 


The ~ 220 m height of the boundary layer at the South 
Pole, in terms of the micro-turbulence, is much lower than 
the 300-500 nr temperature inversion that usually is re¬ 
garded as defining the boundary layer depth. This is due 
to the fact that the optical turbulence intensity depends 
strongly on the vertical gradients of the wind velocity and 
temperature inversion. Near the top of the boundary layer, 
the inversion begins to flatten out at around 200-250 m, at 
which point the microthermal turbulence becomes quiet, 
even though the inversion continues weakly for a further 
100 m or more. 

In contrast to the severe optical turbulence present in 
the boundary layer, the free atmosphere is very quiescent 
in comparison with other sites. The inversion that often 
occurs in the tropopause at mid-latitudes does not exist 
in Antarctica. Instead, the temperature profile generally 
levels off weakly and smoothly. 

These are quite different characteristics to those at 
temperate latitude sites. The Chilean observatory sites, 
in particular, tend to have a high proportion of the see¬ 
ing caused by turbulence in a boundary layer extending 
up to about 1,000-2,000 m, with a relatively quiescent 
tropopause. This is in marked contrast to Mauna Kea, 
which at 4,200 m is high enough to avoid boundary layer 
effects almost completely (Bely 1987). Here, however, an 
upper level jet stream greatly increases the high-altitude 
component of the seeing, so that, overall, the site quality 
is no better than the high desert sites in Chile. 

3.1. Infrared Seeing at the South Pole 

In Paper II we calculated the seeing profiles at optical 
wavelengths, A = 5000 A. Here, we show the values in 
the near-IR, A = 2.4 //in, a wavelength of particular in¬ 
terest because of the particularly low value for the sky 
background there in Antarctica (e.g. Ashley et al. 1995). 
These profiles are calculated assuming that the Fried pa¬ 
rameter, ro, scales as A 6 / 5 and the seeing, e, as A -1 / 5 (see 
Paper II). 

The FWHM seeing and ro values at 2.4//m are shown 
in Table 0 Fig. 0 shows a comparison between the seeing 
profiles at Paranal and the South Pole at 2.4/zm. Every 
tenth of an arcsecond gain is increasingly significant at 
IR wavelengths, as the seeing reaches very low levels. The 
free atmosphere seeing at the South Pole approaches 0.2", 
while the Paranal curve remains at around 0.4". While 
the free atmosphere seeing at the South Pole is still about 
65% of that at Paranal from the same level, in terms of the 
actual values the difference between the sites is probably 
more notable here than in the visible. 

The adaptive optics parameters also register a corre¬ 
sponding improvement, scaling as they do with ro- As¬ 
suming a Kolmogorov spectrum, these values for opti¬ 
cal wavelengths (Paper II) are increased by a factor of 
(2.4/0.5) 6 / 5 = 6.6 when observing at 2.4/im. Hence, 
the isoplanatic angles, 0ao,si (AO, SI = adaptive op- 
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Table 1. Integrated seeing and boundary layer contributions at 2.4/im for the South Pole, determined from 15 balloon 
launches between 20 June and 18 August 1995. The “free atmosphere” refers to the entire atmosphere, excluding the 
boundary layer. 


Measurement 

Mean 

Std. Dev. 

Median 

Best 25% 

Best 

Worst 

Seeing (arcseconds) 

-total 

1.36 

0.55 

1.2 

0.7 

0.6 

2.3 

-free atmosphere 

0.27 

0.05 

0.23 

0.21 

0.17 

0.38 

ro (cm) 

-total 

36 

22 

42 

65 

81 

22 

-free atmosphere 

179 

47 

185 

228 

293 

153 


tics, speckle interferometry—see Paper II), over the en¬ 
tire atmosphere, are around 18-20”, while coherence times 
tao,SI increase to 10-100 ms. Angles obtained if boundary 
layer correction is applied increase to very significant val¬ 
ues of around 7 12'. This is large enough to give close 
to 100% sky coverage for finding suitable stars for use in 
wavefront correction, up to at least ?tik = 10. The results 
are shown in Fig. |j. 

3.2. Forecasting the Seeing 

A striking feature of our data (Paper II) was that the 
boundary layer turbulence structure is not evenly spread 
throughout the inversion layer but, rather, is concentrated 
in anywhere from one to half a dozen narrow strips, gener¬ 
ally 10-20 m in depth. They are almost always associated 
with a sharp peak in either the potential temperature or 
wind velocity gradient, or both. Quite often, the strongest 
turbulence above the surface layer appears close to the top 
of the boundary layer (~200 m). 

It would appear that the Richardson number, Ri = 
e (du/d-j 2 ’ * s a reasona ble indicator of upper-air turbu¬ 
lence in the atmosphere at the South Pole (see Paper II). 
Here AQ/Az is the potential temperature gradient, with 

/ p / s \ —0.286 

9{z) = T(z ) ( ) , such that the value of 6 cor¬ 

responds to the temperature of the air adjusted adiabat- 
ically to a standard pressure of 1000 hPa. AU/Az is the 
wind velocity gradient, T(z) the temperature, P{z) the 
air pressure, g the acceleration due to gravity and z the 
height above sea level. When Ri < relatively strong 
upper-air turbulence can be expected. This suggests that 
it may be possible to determine the frequency of very good 
free atmosphere seeing at the site by analysis of historic 
and ongoing meteorological records. The importance of 
this is that if, in practice, it is possible to correct for the 
boundary layer turbulence by the use of adaptive optics, 
then the free atmosphere component of the seeing will be 
the limiting factor in large telescope image resolution at 
the site. One could then hope to forecast, or at least “now- 
cast” (Murtagh & Sarazin 1993, 1995), seeing conditions 
in terms of just a few parameters easily obtainable from 


standard balloon launches performed daily by the Meteo¬ 
rology department. The infrequent formation of the shear 
layers described above could perhaps be reported some 
time in advance, depending on their typical lifetime, and 
then be used to generate an approximate value for the 
upper atmosphere seeing at that time. 

4. Implications for Adaptive Optics Wavefront 
Correction 

The turbulence structure of the atmosphere also has im¬ 
plications for the feasibility of image correction techniques 
such as adaptive optics and speckle interferometry. In par¬ 
ticular, the isoplanatic angle and wavefront coherence time 
— the main spatial and temporal parameters limiting any 
image correction system — are highly dependent on the 
altitude of the strongest turbulent layers, and can be cal¬ 
culated from the known profiles at a given site (e.g. 
Vernin & Munon-Tunoz 1994, Fuchs 1995). A turbulence 
profile showing a higher proportion of boundary layer tur¬ 
bulence, with a relatively clear free atmosphere, will be 
much more tractable for a low-order adaptive optics sys¬ 
tem than one with, for example, strong jet stream-related 
turbulence in the tropopause. Most of the new generation 
of large telescopes are utilising some form of image correc¬ 
tion of this type, and so the vertical profile becomes even 
more important with these considerations in mind. 

The limiting factors in any adaptive optics method 
are the spatial and temporal coherence of the wavefront 
that one is trying to correct. In general, the high-altitude 
turbulence that forms a large proportion of the seeing at 
many mid-latitude sites is very difficult to correct, and so¬ 
phisticated methods are usually required to extract much 
improvement in image quality (e.g. Cowie & Songaila 
1988), since it is isoplanatic over an angular scale of only 
a few arcseconds. However, over the Antarctic plateau we 
have the exact opposite scenario, where a large proportion 
of the turbulence is produced very close to the aperture of 
the telescope, and so the isoplanatic angle should be much 
larger. Indeed, considering the single large turbulent cells 
that were often observed (Paper I), we might reasonably 
expect that the South Pole should be almost the ideal site 
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for the application of relatively simple low-order image 
correction methods, even despite the large amplitude of 
the fluctuations observed. 

The concentration of the bulk of the seeing in the lower 
boundary layer means that a low-order, turbulence con¬ 
jugated, adaptive optics system should be able to remove 
the large majority of the seeing over very wide angles. 
The small free atmosphere component would remain un¬ 
corrected in this scenario, and hence the possibility of pre¬ 
dicting the rare occurrences of poor (0.4- 0.5" ) free atmo¬ 
sphere seeing would be very helpful (see (j3.2|). 

Clearly the tight limitations on the isoplanatic angle 
and coherence time, 0 and r (see §||), mean that the ideal 
of perfect image correction of turbulence-distorted images 
is extremely difficult to achieve at any site, including the 
South Pole. A large number of independent sub-mirrors 
is required to correct the wavefront errors over the full 
field of view of the telescope. The strategy at other sites 
has generally been to settle for varying degrees of partial 
image correction, usually by ignoring the higher orders of 
the perturbations of the wavefront, and thus making the 
corrections applicable over a larger area. The aim is to 
make the maximum gains possible in image quality with a 
relatively simple and inexpensive system such as a tip-tilt 
mirror (i.e. first-order corrections). Evidently, the maxi¬ 
mum “reconstruction angle” (the term coined by Cowie 
& Songaila 1988) depends on the precision required in the 
corrections, and there is a trade-off between image quality 
and sky coverage. 

These ideas are particularly important in relation to 
the situation at the South Pole since high-altitude tur¬ 
bulence has a higher spatial frequency, when viewed from 
ground-level, than turbulence close to the surface. We may 
expect, therefore, that a low-order adaptive optics system 
that corrects the boundary layer component of the seeing, 
leaving the upper atmosphere uncorrected, would be ef¬ 
fective over a substantially greater area of the sky at the 
South Pole than a similar system operating at the best 
mid-latitude sites. A glance at Fig. |2] indicates that im¬ 
age resolution of 0.2-0.3" should be obtainable over much 
larger angles at the South Pole than at Cerro Paranal. 

Although no vertical (7^- profiles were available from 
other mid-latitude sites for analysis, the comparison 
should be much the same as Paranal. Indeed, it may be 
even more favourable in comparison with Mauna Kea, 
where a much greater proportion of the seeing is due to 
upper atmosphere turbulence. 

It is worth also mentioning some of the methods used 
for correction of higher-order components of the wavefront 
phase fluctuation. With a characteristic coherence length 
of ro, the number of independent elements required for full 
image correction is on the order of (D/ro) 2 , for corrections 
made in planes conjugate to the telescope aperture. Such 
a project is not expected to be any easier at the South 
Pole than other sites. 


A “multiconjugate” approach (e.g. Tallon et al. 1992) 
requires, in principle, a single correction element for each 
turbulent layer, which, at any site, is likely to result in a 
less complex system than the usual aperture-conjugated 
case. It is a particularly powerful method in situations 
where the bulk of the image degradation is produced by a 
small number of turbulent layers. This is clearly the case 
at the South Pole, where the boundary layer seeing usu¬ 
ally consists of 2-4 intense layers, with a similar number, 
or less, of much weaker layers in the free atmosphere. It is 
likely, therefore, that the South Pole represents a partic¬ 
ularly good site for higher-order corrections using such a 
technique. 

5. Prospects for Super Seeing from the Summits 
of the Plateau 

In the broadest sense, the aim of the site-testing cam¬ 
paign underway in Antarctica (e.g. Storey, Ashley & Bur¬ 
ton 1995) is to find the best site for astronomy in Antarc¬ 
tica. Given that the only measurements of site conditions 
available at this point are from the South Pole, it is im¬ 
portant to use the results of this experiment to attempt 
to draw some conclusions about the likely seeing condi¬ 
tions elsewhere on the high plateau. It is generally agreed 
that the South Pole is almost certainly not the best site 
for astronomy in Antarctica. Indeed, the only reason for 
choosing this location for the experiments conducted so 
far is that it has been the only place on the plateau that 
has been easily accessible. In any case, the conditions there 
should provide a good indication of the magnitude of the 
improvements that might be expected from the very best 
sites, from infrared to millimetre wavelengths. 

The South Pole lies a long way off the central “ridge” 
that marks the highest elevations on the plateau. The im¬ 
plications of this are quite obvious if we consider the three 
key words: “high”, “cold” and “dry”. Dome A (82° S, 
80° E), at 4,200m, and some 1,000km from the South 
Pole, is the highest point on the plateau. Although no data 
are available from Dome A (in fact, it is uncertain whether 
anyone has ever set foot there), indications from the clos¬ 
est stations are that it should be at least 10°C colder than 
the South Pole on average. Given the enormous difference 
between the South Pole and the best mid-latitude sites in 
the thermal infrared (Chamberlain et al. 2000, Phillips et 
al. 1999, Nguyen et al. 1996), we might expect further re¬ 
ductions again in the thermal background from Dome A. 
In addition, the thinner atmosphere (~5,000m physiolog¬ 
ical altitude at the surface) and lower temperature should 
result in even lower water vapour content than the South 
Pole, which is already a factor five times lower than Mauna 
Kea. 

These ideas are widely known now. What is less cer¬ 
tain is the quality of the seeing we might expect higher 
on the plateau. Since the seeing depends on a more com¬ 
plex interplay of atmospheric conditions, it is not as easy 
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to predict any improvements, let alone what the scale of 
those improvements might be. In this section we examine 
the available data from elsewhere in East Antarctica, and 
compare this with what we have discovered at the South 
Pole, in an attempt to give some indication of what we 
might expect to find at the higher elevations. 

The paucity of information about atmospheric condi¬ 
tions over East Antarctica make this a difficult task. Rea¬ 
sonably continuous, long-term records of both surface and 
upper air meteorology parameters are available from only 
two places: the South Pole and Vostok (of which only the 
South Pole has continuously maintained a winter crew in 
recent years). These have been supplemented by a few Au¬ 
tomatic Weather Stations (AWS), successfully deployed at 
other locations above 3,000 m for periods of a few years at 
a time, which provide some valuable additional informa¬ 
tion about surface conditions. Overall, we have access to 
data from no more than four or five places, in an area half 
the size of Australia. Many of the results are discussed in 
the book of Schwerdtfeger (1984), and it is from this source 
that much of the weather information used here has been 
gleaned. Table is a summary of all the measurements 
that could be found that are in some way related to the 
seeing (in particular, the boundary layer seeing). Some of 
the numbers quoted are based on no more than a couple 
of years data, especially from the AWSs, and so any con¬ 
clusions made here on the basis of these figures should be 
treated with caution. 

The boundary layer seeing at the South Pole is gener¬ 
ally intense, but highly variable and critically dependent 
upon the interplay of the temperature gradient and in¬ 
version wind, in particular any vertical irregularities that 
occur. The signal tends to be most intense close to the 
surface. Above the boundary layer, the free atmosphere 
is in general exceptionally calm and clear. Whilst no mi- 
crothermal data are available from any of the sites listed 
in Table aside from the Pole, these meteorological pa¬ 
rameters may offer some clues as to the likely structure of 
the boundary layer at these sites. 

One factor that does differ from the South Pole to the 
other sites is diurnal variation. At Plateau Station over a 
24 hour period the depth of the temperature inversion falls 
from around 15° at night to < 5° during the day (Schw¬ 
erdtfeger 1984). Although the diurnal changes appear to 
be mostly restricted to the lowest 10-15 m, according to 
the data from the South Pole, this is probably the most 
turbulent region in the whole boundary layer. Given that 
the winds at surface level at a site such as Plateau Sta¬ 
tion are driven by the inversion, it is likely that these too 
undergo some diurnal variation. The impact of this on the 
stability of the boundary layer in terms of turbulence is 
not clear, but certainly, at mid-latitude sites, it is a general 
rule that the best seeing is observed later in the evenings, 
when the boundary layer has stabilised. Such temperature 
variations are likely to have some minor effect in Antarc¬ 
tica, increasing as the latitude of the site decreases. Since 


all of the highest sites are south of 75° S, there are at 
least a few months everywhere during the winter when 
the Sun doesn’t rise, and little or no diurnal effect would 
be noticed during this period. 

The increasing strength of the inversion at higher alti¬ 
tudes means that, in fact, the temperature of the warmest 
layer above the site is very similar from place to place. 
Comparison of weather balloon data from the South Pole 
and Vostok show that the temperatures at the 500 hPa 
level at each station in winter differ by less than a degree, 
with the South Pole being slightly warmer. The temper¬ 
ature inversion at the South Pole is about 400 m high, 
according to the temperature data from our microthermal 
balloon sondes (in terms of C£, it levels off at about 200- 
220 m). While no information is available regarding the 
vertical extent of the inversion at Vostok, it is likely that 
it is slightly narrower at the higher altitude site, given 
that it reaches almost the same temperature at the same 
pressure altitude. If the temperature layers are to some 
degree stratified across the plateau, according to pressure 
altitude, then it may be that Dome C also has a somewhat 
narrower inversion, while at Dome A it could be signifi¬ 
cantly narrower again. 

Without discussing wind characteristics at each site for 
a moment, the results of our measurements of bound¬ 
ary layer turbulence at the South Pole are clearly associ¬ 
ated with vertical fluctuations in dTjdz in the boundary 
layer. The seeing contributions are generally proportional 
to the magnitude of the temperature fluctuations, for a 
given strength of wind shear. This indicates that individ¬ 
ual turbulent disturbances in the boundary layer at higher 
sites may be greater in magnitude than those observed 
at the South Pole due to the combined effect of both 
of these differences: a stronger inversion, extending over 
a smaller vertical distance, means that the temperature 
gradient may be significantly steeper, especially close to 
the surface. Any mechanical turbulence, then, of a similar 
sort to that experienced at the South Pole would naturally 
produce more intense turbulent cells, in terms of C^. 

A narrower inversion also has implications from the 
point of view of image correction techniques. We now know 
that the concentration of optical turbulence at the South 
Pole very close to the surface leads to very favourable 
conditions for the application of adaptive optics. If the 
boundary layer at the higher sites does turn out to extend 
over a shorter distance, this argument applies even more 
forcefully, regardless of the baseline seeing. Our conclusion 
for the South Pole was that a system designed to correct 
only the boundary layer seeing would be applicable over a 
characteristic angle of about 1-2' in the visible. Hence, any 
significant reduction of the height of the boundary layer 
at a place like Vostok or Dome C could result in a large 
increase in the angular scale, and hence the sky coverage, 
of adaptive optics-type image correction techniques. 

What is hoped for, of course, is that the natural seeing 
will be better at other sites on the plateau, and the wind 
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South Pole 

Vostok 

Plateau 

Dome C 

Dome A 

Years 

26 (40) 

24 

3 

8 

- 

Altitude (m) 

2835 

3488 

3625 

3280 

4200 

Latitude (°S) 

90 

78.5 

79.2 

74.5 

82 

Yearly Mean Temperature (°C) 

-49.3 

-55.4 

-56.4 

-50.6 

~ —60 

Coldest Monthly Mean 

-59.9 

-68.3 

-71.4 

-61.7 

- 

Temperature (°C) 

(Jul) 

(Aug) 

(Aug) 

(Aug) 

- 

<5Tbl (°C) 

20 

23 

- 20 

~ 20 

> 25 

Slope (degrees) 

1.0 x 10 -3 

1.3 x 10 -3 

0.8 x 10 -3 

~ 0 

- 0 

V (ms -1 ) 

5.8 

5.1 

- 

2.8 

- 

Constancy 

0.79 

0.81 

0.67 

0.53 

- 

Calm (%) 

2 

1 

- 

10 

- 

Vmax (m S ) 

24 

25 

- 

16 

- 

Cloud < A (winter) (%) 

63 

56 

65 

- 

- 


Table 2. Comparison of weather parameters at all sites on the high plateau for which information is available. Data 
on Dome C are taken from Keller et al. (1991, 1993, 1995), values for for Plateau and Vostok stations are from 
Schwerdtfeger (1984). ‘Years’ denotes the length of time for which records are available, ‘STbl is the temperature 
change across the boundary layer, ‘Slope’ is the mean slope of the surface, ‘V’ is the mean surface wind speed, 
‘Constancy’ is ratio of the average wind velocity to the average wind speed, ‘Vmax’ is the maximum wind speed ever 
recorded, and ‘Cloud’ gives the percentage of time in winter where the cloud cover is less than 30%. Where no data 
is available the entry is indicated with a . 


conditions must be considered before this possibility can 
be dismissed. A conclusion that came through strongly 
from our South Pole data was that fairly strong wind 
shears within the boundary layer are a necessary ingre¬ 
dient for strong optical turbulence. It is possible to have 
clear seeing through a deep inversion if there are no strong 
wind shear regions; peaks in dT/d z will not do the damage 
on their own. The available wind data from other sites on 
the plateau suggest that, here too, the effect on the seeing 
is likely to be somewhat different to that observed at the 
South Pole. 

South Pole Station is located well down from the peak 
of the plateau, and lies on a gentle slope with a gradi¬ 
ent of approximately 1 part in 10 3 . This is roughly the 
same as Vostok and Plateau stations. These gentle slopes 
are enough to generate an inversion wind with an average 
speed of just over 5 ms -1 at both the South Pole and Vos¬ 
tok (see Table ^j) . The directional constancy is very high: 
around 0.8 at Pole and Vostok, slightly lower at Plateau, 
with the vectored average wind blowing in a direction ori¬ 
ented at about 30° to the fall line of the terrain. This is an 
indication that the ubiquitous inversion wind dominates 
the surface flow, but is modified in direction, to some ex¬ 
tent, by the lesser effects of synoptic air flows and the 
coriolis effect. The calculated average flow lines for the 
surface winds across the continent (see Fig. 3 from Paper 
II) illustrate the importance of the local topography on 
the wind characteristics at any given location. 

Since the geostrophic winds above the boundary layer 
do not generally blow from the same direction as the inver¬ 
sion wind, at the South Pole at least, there are inevitably 
shear layers in the boundary layer, where the winds change 
both speed and direction. One of our main conclusions was 


that virtually all of the turbulence responsible for the see¬ 
ing occurs in layers where wind shear causes disturbances 
in the vertical temperature gradient. This statement de¬ 
scribes almost all of the observed optical turbulence at the 
South Pole, and explains why the overwhelming majority 
of the seeing arises from the boundary layer. 

The situation at Dome C is rather different. Here, 
the terrain is almost perfectly flat, and the inversion 
wind is negligible. Wind speeds are generally much lower 
(2.8ms -1 on average), with a lower constancy factor 
(about 0.5), reflecting the fact that the wind direction is 
determined by weather patterns rather than the slope of 
the terrain. A more detailed study of some of the monthly 
AWS data reveals that Dome C enjoys winds of less than 
2ms -1 roughly 50% of the time during winter, and be¬ 
low 4ms -1 up to 80% of the time. This compares with 
approximate figures of 10% and 50%, respectively, at the 
South Pole. Dome C is a very calm site. 

The absence of an inversion wind means that this 
source of turbulence, at least, can be discounted. The 
kinds of wind shear layers observed at the South Pole 
ought not exist. There may be other sources of vertical 
wind gradients, such as those observed occasionally in the 
free atmosphere over the South Pole. There is, however, a 
possibility that there is in fact no significant source of me¬ 
chanical turbulence in the boundary layer, in which case 
the seeing could be very good from ground level. Dome C, 
along with Dome A, may be an oasis of calm in the tur¬ 
bulent inversion layer stretching right across the plateau. 

Another feature of the South Pole seeing is the remark¬ 
ably quiescent free atmosphere. Upper-level jet streams 
associated with the tropopause are virtually absent in 
the data, and very few other significant sources of tur- 
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bulence were observed. From the long-term records, the 
strong upper-troposphere winds (jet streams) that limit 
the seeing at mid-latitude sites are virtually absent. At the 
300hPa level (about 10km altitude at the South Pole), 
winds of over 30ms’ 1 occur 5% of the time, and over 
40ms -1 a mere 1%. This is compared with 14% / 3% 
at Byrd Station (80° S), and larger values further north. 
So it would appear that the free atmosphere is somewhat 
less stable as one moves out from the centre of the po¬ 
lar vortex, and there would probably be a corresponding 
increase in upper-atmosphere turbulence. Hence the aver¬ 
age free atmosphere may be somewhat worse than the very 
low value of around 0.3" (upward from 200 m) measured 
at the South Pole. 


6. Summary 

To summarise our results, the microthermal turbulence at 
the South Pole is concentrated much closer to the sur¬ 
face than at the best mid-latitude sites. So, while the in¬ 
tegrated seeing from surface level is poor, the free atmo¬ 
sphere is quieter than at these other sites. This has the re¬ 
sult that the seeing contribution above about 200 m (the 
depth of the South Pole boundary layer) is significantly 
less than at any temperate latitude site. 

The available evidence also suggests that the high- 
altitude sites such as Domes A and C probably experience 
better boundary layer seeing than the South Pole. Given 
that this is by far the dominant source of image degra¬ 
dation at the Pole, this is a very important result. The 
conclusion is based on the absence of the inversion winds 
that generate much of the wind shear responsible for the 
mechanical turbulence. 

In addition, the inversion layers themselves may be 
significantly narrower at the higher sites. The narrow tur¬ 
bulent region at the South Pole, relative to mid-latitude 
sites, greatly increases the characteristic angles over which 
image correction techniques can be applied. The higher 
sites may also, therefore, be significantly better in terms 
of their potential for adaptive optics. 
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Height above surface (m) 


Fig. 1. Seeing as a function of height of telescope above the surface, compared between the South Pole and Cerro 
Paranal in Chile, for a wavelength of 2.4/znr. The solid line represents the results from balloon launches at the South 
Pole (Paper II), and the dashed line a summary of a similar experiment performed at the ESO-VLT site in Paranal 
(Fuchs 1995). 
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Fig. 2. Isoplanatic angles, 9ao and 0si, as a function of the residual seeing, ey, in arcseconds for A = 2.4/rrn. Solid 
lines are derived from the average C ^ profile at the South Pole, and dashed lines are from Cerro Paranal data. The 
dark lines refer to adaptive optics (AO) correction, and the light lines to speckle interferometry (SI). 





